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We summarize recent works on the question of the nucleon mass decomposition and the
2D relativistic distribution of pressure forces on the light front. All these mechanical
properties are encoded in the energy-momentum tensor of the system which can be
constrained using various types of high-energy lepton-nucleon scatterings. Some further
developments for targets with spin > 1/2 are also reported.
Keywords: Hadron mass and pressure, gravitational form factors, generalized parton
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1. Introduction
Elastic scattering on the nucleon provided during the last 60 years key informa-
tion about how electric charge and magnetization are distributed in position space
within the nucleon1,2. 20 years ago, other exclusive reactions like e.g. deeply virtual
Compton scattering and meson production were shown to give access to generalized
parton distributions (GPDs), which are the mother distributions of both ordinary
parton distributions and electromagnetic form factors3–5. On top of providing to-
mographic pictures of the internal structure of the nucleon, GPDs also give access
to the gravitational form factors (GFFs) which characterize the energy-momentum
tensor (EMT)6. Just like the Fourier transform of electromagnetic form factors can
be interpreted in terms of spatial distribution of electric charge and magnetization,
the Fourier transform of GFFs can be interpreted in terms of spatial distribution
of energy, momentum and pressure forces7,8.
We present in this contribution a short summary of some recent developments
providing a new look on the nucleon internal structure.
2. Mass decomposition and balance equations
Because of Poincare´ symmetry, one can write in general for the matrix element of
the EMT T µν(0) as follows
〈P |T µν(0)|P 〉 = 2PµP ν (1)
for a spin-1/2 state with relativistic normalization 〈p′|p〉 = 2p0(2π)3δ(3)(~p′ − ~p).
It is then clear that the mass M of the nucleon can be expressed in an explicitly
covariant way in terms of the trace of the EMT9,10
〈P |T µµ(0)|P 〉 = 2M2. (2)
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The trace of the QCD EMT tensor being given by
T µµ =
β(g)
2g
G2 + (1 + γm)ψmψ, (3)
it is tempting to interpret 〈P |β(g)2g G2|P 〉 and 〈P |(1+γm)ψmψ|P 〉 as the gluon and
quark contributions to the nucleon mass, respectively. This is however incorrect
since the partial (quark or gluon) EMT is not conserved and reads in general11,12
〈P |T µνq,G(0)|P 〉 = 2PµP νAq,G(0) + 2M2ηµνC¯q,G(0), (4)
where Aq,G(t) and C¯q,G(t) are GFFs depending on the squared four-momentum
transfer t = ∆2 = (p′−p)2. Unlike electromagnetic form factors, GFFs also depend
on the renormalization scale and scheme. The extra term accounts for the non-
conservation of the partial EMT. From a more physical point of view, it is related
to the pressure-volume work exerted by the quark and gluon subsystems. The
nucleon being a stable object, the total pressure-volume work has to vanish and
therefore disappears once the EMT is summed over quark and gluon contributions
like in Eq. (1). Paying attention to properly distinguish contributions to energy and
pressure-volume work, one arrives at a proper mass decomposition and a balance
equation12
M = Uq + UG, Wq +WG = 0 (5)
with Uq,G =
[
Aq,G(0) + C¯q,G
]
M and Wq,G = −C¯q,GM . Using current phenomeno-
logical estimates13, one finds that Uq ≈ 0.44M and Wq ≈ 0.11M . Contrary to
what is sometimes claimed in the literature, the large value of 〈P |β(g)2g G2|P 〉/2M =
UG − 3WG ≈ 0.89M does not indicate that gluons are responsible for most of the
nucleon mass, but comes from the fact that the gluon pressure-volume work is large
(reflecting the relativistic nature of the nucleon) and negative (i.e. attractive).
3. Relativistic 2D distributions of pressure forces
By analogy with electromagnetic form factors, one can interpret the Fourier trans-
form of GFFs in the Breit frame ~P = (~p ′ + ~p)/2 = ~0 in terms of 3D spatial distri-
bution of mass, momentum and pressure forces7. Distributions defined in this way
are however known to be plagued by relativistic corrections14. The latter can be
avoided by considering instead transverse 2D spatial distributions within the light-
front formalism. The ones associated with the EMT are defined in the symmetric
Drell-Yan frame ~P⊥ = ~0⊥, ∆
+ = 0 as15,16
〈T µνq,G〉(~b⊥) =
∫
d2∆⊥
(2π)2
e−i
~∆⊥·~b⊥
1
2P+
〈P+, ~∆⊥2 |T µνq,G(0)|P+,−
~∆⊥
2 〉 (6)
with a+ = (a0 + a3)/
√
2. The T++ component plays the role of gallilean mass
in the transverse plane and has been studied in Refs. 17,18. The longitudinal
orbital angular momentum of quarks and gluons can be obtained from the T+i
components15 and the transverse T ij components can be interpreted in terms of 2D
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pressure forces16. Remarkably, in the last two cases the relativistic 2D distributions
appear to coincide with the projection of the 3D distributions defined in the Breit
frame onto the transverse plane.
One can write in the transverse plane16
〈T ijq,G〉(~b⊥) = σ(b) δij⊥ +Π(b)
(
bi
⊥
bj
⊥
b2
− δij
⊥
)
, (7)
where b = |~b⊥|, σ(b) represents 2D isotropic pressure and Π(b) represents 2D pres-
sure anisotropy. In non-relativistic systems, pressure anisotropy is confined to a
very thin region at the boundary and described by a surface tension. In relativis-
tic systems like the nucleon and compact stars, pressure anisotropy extends over
a larger region in the bulk. Using a multipole parametrization for the nucleon
GFFs16, it appeared that the quark contribution to the EMT is mostly repulsive
and short range, while the gluon contribution is mostly attractive and long range.
This configuration ensures naturally the mechanical stability of the nucleon as a
whole.
4. Higher-spin targets
Studies of the EMT mostly focused on the nucleon, or more generally spin-1/2 tar-
gets. Higher-spin targets are however of deep interest in both hadronic and nuclear
physics. Recently, a detailed study of the spin-1 case has been conducted in Ref. 19.
It indicated in particular that higher-spin targets simply involve additional contri-
butions associated with higher spin-multipoles, suggesting an alternative approach
based on a covariant multipole expansion (still under development). Poincare´ sym-
metry has been used to constrain some of the GFFs and to derive the Ji relation
for arbitrary spin targets20,21.
5. Conclusion
We presented a short summary of recent developments about the energy-momentum
tensor of hadrons. A tomography of the origin of mass and spin along with pressure
forces is now possible. Stability conditions may provide new constraints on the
observables and hints about the mechanism of confinement. In the coming years,
further constraints on gravitational form factors using both exclusive high-energy
experiments and Lattice QCD are expected, bringing our understanding of the
hadron internal structure to a whole new and exciting level.
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